ABSTRACT: Four crossbred steers (average BW = 478 ± 33 kg) were used in a 4 × 4 Latin square design to determine the effects of dietary concentration of dry corn distillers grains plus solubles (DDGS) in whole corn-based fi nishing diets on total tract digestion and nutrient balance and excretion. The DDGS were fed at 0% (control), 16.7%, 33.3%, and 50% of dietary DM. All diets contained 10% (DM basis) alfalfa/grass haylage and were formulated to meet or exceed the estimated requirements for CP. Steers were fed the experimental diets ad libitum for a 14-d adaptation period followed by a 5-d period for fecal and urine collection. Increasing concentration of DDGS in diets from 0 to 50% of DM linearly decreased (P < 0.05) total tract DM and starch digestibility (from 77.8 to 72.9%, and 89.2 to 81.5%, respectively). Daily N and P intakes linearly increased (P = 0.06 and P = 0.01, respectively) with increasing DDGS concentration. Fecal and urinary N, P, S, Mg, and K excretion linearly increased (P < 0.05) with increasing DDGS concentration; however, Se and Na excretion did not differ (P > 0.38) among treatments. Retention (g/d; intake minus urinary and fecal excretion) of N did not differ (P > 0.16) among treatments. Retention of P tended (P = 0.07) to linearly increase and retention of S (g/d) linearly increased (P = 0.004), with increasing DDGS concentration. There were no effects (P > 0.16) of dietary treatment on digestion and retention of Se, Mg, K, and Na. Plasma P and S concentrations increased (P = 0.03 and 0.01, respectively) with increasing DDGS concentration. These data indicate that feeding DDGS up to 50% of dietary DM in whole corn grain-based fi nishing diets does not have a negative effect on nutrient retention but decreases digestibility. Total excretion of N, P, Ca, Mg, S, and K increased as DDGS concentration increased.
INTRODUCTION
In recent years, the ethanol industry has expanded and use of distillers grains plus solubles (DGS) in beef fi nishing diets has increased. Corn distillers dried grains with solubles (DDGS) can be fed as a replacement for corn grain as a protein and energy source in beef cattle diets . Most research on DGS inclusion in feedlot diets has been conducted with diets containing processed corn (dryrolled, steam-fl aked, and high moisture; Klopfenstein et al., 2008) and not with diets containing whole corn grain. Moreover, there are limited data on effects of DDGS inclusion on nutrient balance.
During ethanol production, starch is converted to ethanol and concentration of CP, fat, fi ber, and minerals, such as N, P, and S, increase approximately 3-fold in DDGS compared with whole corn grain (NRC, 1998) . Feeding wet distillers grains plus solubles (WDGS) at 20%, 40%, and 60% as a replacement for dry rolled corn (DRC) linearly increased intake of N, P, and S (Spiehs and Varel, 2009) . Consequently, urinary and fecal N, P, and S excretion increased (Cole et al., 2005; Archibeque et al., 2007; Luebbe et al., 2008) , potentially increasing the nutrient load in the environment. Furthermore, bioavailability of some trace minerals in ruminants might be infl uenced by binding of minerals to undigested fi ber (Spears, 2003) or antagonistic effects of other minerals. Thus, feeding high concentrations of DDGS could alter dietary bioavailability of minerals in ruminants, but there is a lack of information on how concentrations of DDGS affect bioavailability of minerals.
Our objective was to examine the effect of feeding increasing concentrations of DDGS in whole cornbased fi nishing diets on total tract digestion and nutrient balance and excretion with specifi c emphasis on N and various minerals. Our hypothesis was that feeding increasing concentrations of DDGS would increase N and mineral excretion, and potentially infl uence mineral balance as a result of mineral antagonisms.
MATERIALS AND METHODS
This experiment followed recommendations of the Canadian Council on Animal Care (1993) and met the approval of the University of Guelph Animal Care Committee.
Animal Care and Experimental Design
Four Angus/Simmental crossbred steers (478.1 ± 33 kg) were used in a 4 × 4 Latin square design, with treatments consisting of inclusion of 0%, 16.5%, 33.3%, and 50% DDGS in dietary DM (Table 1 ). All diets contained 10% forage (grass/alfalfa haylage) and were balanced to meet or exceed estimated requirements for CP, vitamins, and minerals (NRC, 1996) . Before the experiment, steers were trained to lead by halter and adapted to a whole corn grain-based diet over 28 d. Experimental periods were 19 d; 14 d for adaptation to experimental diet and 5 d for fecal and urine collection. Steers were housed indoors in a climate-controlled room (15°C) and a 16 h light and 8h dark cycle in individual pens (1.17 m × 1.17 m). During collection periods, steers were tethered and fi tted with fecal collection bags and rubber urine collection funnels. The fecal collection bags and urine collection funnels were attached with adjustable belting to allow for comfortable movement of steers. Steers had ad libitum access to feed and water. Diets were fed at 120% ad libitum intake by adjusting feed offered relative to the previous 3 d of consumption. Over the entire experiment and across all steers and treatments, steers were offered 121.2% ad libitum DMI. Feed and orts samples were collected daily during the collection period. Total feces were collected, weighed, and a subsample (5% of weight; as-is basis) was obtained twice daily. Urine was collected into acidifi ed containers, using a vacuum system, and urine was weighed and a sample collected daily. Containers contained 200 mL of 6 N HCl to maintain urine pH < 3. Daily fecal, urine, feed, and orts samples were weighed and composited within animal across sampling period and stored at −20°C until analysis. Between collection periods, stanchion panels were removed from one side of the pens to allow enough space for exercise. Blood samples were also collected via jugular venipuncture on the fi nal day of each collection period before feeding in the morning. Plasma and serum were harvested by centrifugation (3,000 × g) and stored at −20°C until analysis for plasma Ca, P, K, Na, S, and Se concentrations, and for serum glucose and urea N concentrations.
Laboratory Analyses
Diet, orts, and fecal samples were dried for approximately 48 h in a 55°C oven, ground to pass a 1-mm screen, and analyzed for DM and ash by standard procedures (AOAC, 1990) , and NDF (assayed with heat-stable amylase and sodium sulfi te, and expressed inclusive of residual ash) and ADF (expressed inclusive of residual ash) concentrations were determined, according to procedures described by Robertson and Van Soest (1981) , using an Ankom fi ber analyzer (Ankom Technology Corp., Fairport, NY). Diet, orts, and fecal samples were analyzed for starch concentrations as described by Hall (2000) , using a gelatinization and hydrolysis procedure. Diet, orts, fecal, and urinary N concentrations were determined by using a modifi ed Kjeldahl digest (concentrated H 2 SO 4 and 4 drops of 30% H 2 O 2 for 1.5 h) and Technicon AutoAnalyzer (Thomas et al., 1967) . For mineral analysis, feed, orts, fecal, and urine samples were digested and brought to volume with deionized water, as described by Anderson (1999) . Concentrations of Ca, K, Mg, Na, P, and S were measured in the clear extract supernatant by inductively coupled plasma optical emission spectrometry (ICP-OES), without further processing (Anderson, 1999) . Selenium in feed, orts, and fecal samples was determined by spectrofl uorimetric analysis (method 974.15; AOAC, 1995) . Intake, urine and fecal excretion, and digestibility were determined for DM, ADF, NDF, starch, N, and P, and nutrient balance (including digestibility) was determined for N, P, Ca, Mg, S, Se, K, and Na. Nutrient retention was calculated by difference (feed intake minus urinary and fecal excretion).
Serum was analyzed for urea N (Sampson et al., 1980) and glucose (Trinder, 1969) concentrations, using kits from Roche Diagnostics (Indianapolis, IN). Plasma was analyzed for plasma Ca, P, K, Na, and S concentrations, using ICP-OES, as described by Anderson (1999) . For Se analysis, plasma was diluted with 1% HNO 3 /1% propanol/0.01% TritonX-100/0.01% EDTA (1:20) and quantifi ed against a multielement standard curve by inductively coupled plasma mass spectrometry.
Statistical Analyses
Data were analyzed as a 4 × 4 Latin square design, using the GLM procedure (SAS Inst. Inc., Cary, NC). The model included the effect of animal, period, and DDGS concentration (0%, 16.7%, 33.3%, and 50%). Contrast statements were used to determine linear and quadratic effects of feeding increasing concentrations of DDGS. Signifi cance was declared at P ≤ 0.05 and tendencies were reported when 0.05 < P ≤ 0.10.
RESULTS
Daily DMI (kg/d) and fecal DM excretion did not differ among treatments (Table 2) . Total daily excretion of urine (g/d) increased (P = 0.03) linearly with increasing DDGS concentration. Apparent digestion of DM (g/d) tended (P = 0.09) to linearly decrease with increasing DDGS concentration. Apparent digestion of NDF (g/d) and ADF (g/d) increased linearly (P = 0.02 and P = 0.03, respectively) with increasing concentration of DDGS. A quadratic response (P = 0.04) in apparent digestion of starch (g/d) was observed because of a greater decrease in starch digestion among treatments as DDGS inclusion increased. Apparent digestibility of DM (% of intake) decreased linearly (P = 0.01) with increasing DDGS inclusion. A linear decrease (P = 0.04) in starch digestibility (% of intake) was observed with DDGS addition. Digestibility of NDF and ADF were not infl uenced (P > 0.17) by increasing DDGS concentrations in diets.
Daily intake of N tended to increase linearly (P = 0.06) with increasing DDGS concentration (Table 3) . Moreover, the increasing DDGS concentration diets linearly increased (P = 0.02) urinary N excretion (g/d) and fecal N excretion (g/d) tended (P = 0.07) to increase linearly with increasing DDGS. Total N excretion increased linearly (P = 0.03) with increasing DDGS, but fecal N excretion (% of N intake) was quadratically affected (P = 0.05) by increasing concentration of DDGS and urinary N excretion (% of N intake) tended to respond quadratically to DDGS concentration (P = 0.07). Apparent digestion of N (g/d) tended (P = 0.06) to linearly increase as DDGS concentration increased, but apparent digestibility of N (% of intake) was affected quadratically (P = 0.05) by DDGS concentration. Retention of N (g/d and % of N intake) was not infl uenced by increasing DDGS concentration.
Daily intake of P, Mg, and S increased linearly (P = 0.01, P = 0.02, and P < 0.001, respectively), whereas daily intake of Ca, Se, K, and Na was not infl uenced by DDGS concentration (Table 4 ). Fecal excretion of P, Ca, Mg, S, and K increased linearly (P = 0.01, P = 0.008, P < 0.001, P = 0.01, and P = 0.02, respectively), whereas fecal excretion of Se and Na was not affected by increasing DDGS inclusion. Urinary excretion of P, Ca, and S increased linearly (P = 0.01, P = 0 02, and P < 0.001), and Mg tended to increase linearly (P = 0.06), whereas urinary excretion of Se, K, and Na was not infl uenced by DDGS concentration. Total excretion of P, Ca, Mg, S, and K increased linearly (P = 0.001, P = 0.01 P < 0.001, P < 0.001, and P = 0.03), whereas Se and Na total excretion was not affected by concentration of DDGS.
Apparent digestion (g/d) of P and S increased linearly (P ≤ 0.02), whereas apparent digestion of Ca, Mg, Se, K, and Na was not infl uenced by increasing DDGS inclusion (Table 5) . Apparent digestibility (% of intake) of S increased linearly (P < 0.001) and Na tended to increase linearly (P = 0.05), whereas apparent digestibility of P, Ca, Mg, Se, and K was not infl uenced by increas-ing DDGS inclusion. Retention (g/d) of S increased linearly (P = 0.004) and P tended to increase linearly (P = 0.07), whereas retention (g/d) of Ca, Mg, Se, and Na was not infl uenced by DDGS concentration. Retention, expressed as a % of intake, for all measured minerals did not differ with increasing DDGS inclusion.
Plasma P and S concentrations (μg/mL) increased linearly (P = 0.03 and P = 0.01, respectively) with increasing DDGS concentration (Table 6 ). Plasma Ca (μg/ mL), Na (μg/mL), and Se (μg/mL) concentrations did not differ among the treatments (P > 0.11). Serum glucose concentration (mM) was not affected by increasing concentration of DDGS in the diets. Serum urea N concentration (mM) increased linearly (P = 0.001) with increasing DDGS concentration.
DISCUSSION
The observed tendency for a linear decrease in apparent digestion of DM (g/d) with increasing DDGS inclusion could be a result of increased fat, fi ber, or S, and decreased starch concentrations in the diet and differential digestibilities of these specifi c components (Owens et al., 2010) . Alternatively, changes in concentrations of these nutrients could infl uence digestibility of other diet components (Zinn, 1989) . Our observations are similar to those of Peter et al. (2000) , who found that inclusion of 20% corn DDGS (DM basis) decreased DM digestibility. In steers fed fi nishing diets containing 15% WDGS or DDGS (DM basis) with steam-fl aked corn, apparent total tract digestion of DM was 2.8% less than the control (Depenbusch et al., 2009 ). Moreover, feeding 25% corn DDGS in steam-fl aked corn or DRC diets decreased apparent total tract digestion of DM in Holstein steers compared with control diets (May et al., 2009 ). Decreased starch digestibility (%) with DDGS inclusion could be a result of a change in the ruminal microbial community (Callaway et al., 2010) , with potentially a greater proportion of fi brolytic vs. amylolytic microbes associated with a change in the concentration of substrate (fi ber vs. starch) available for fermentation. Perhaps these potential changes in the ruminal microbial community occur more predominately with greater concentrations of DDGS resulting in a greater decrease in apparent starch digestion (g/d) as DDGS inclusion increases.
Increases in urine output with increasing DDGS could be the result of increased mineral and N consumption above requirements, which resulted in increased water intake necessary to excrete the excess minerals and urea N. Although we did not measure water intake, steers fed greater amounts of DDGS visually seemed to spend more time drinking. Felix et al. (2011) also reported in- creased urine output in lambs fed increasing concentrations of DDGS. They suggested that the increased urine output might also be necessary for excretion of acid when diets high in S-containing DDGS are fed.
The diets were designed to contain increasing concentrations of DDGS and therefore had increasing CP concentrations. Thus, both concentration and dietary CP likely infl uenced N digestion and excretion. Similar to our results, others (Spiehs and Varel, 2009; Luebbe et al., 2008) have reported increased N intake and excretion when feeding increasing concentrations of WDGS in feedlot diets. Increasing N excretion associated with increasing dietary CP concentration could result in increased ammonia emissions from feedlots (Cole et al., 2005; Archibeque et al., 2007) . The tendency for a quadratic effect in urinary N excretion (g/d and % of intake), with N excretion decreasing in steers fed 16.7% vs. 0% DDGS and increasing thereafter up to 50% DDGS, might be partly a result of differences in protein source between the 0% and 16.7% DDGS treatments. The 0% DDGS dietary treatment contained soybean meal and urea, which have greater ruminal protein degradability than DDGS (NRC, 1996) , and could have resulted in increased ruminal ammonia concentrations, urea production in the liver, and N excretion. With increasing DDGS inclusion >16.7%, CP was likely supplied in excess of requirements, resulting in increased N excretion in urine. The quadratic effect in fecal N excretion (% of N intake) and apparent N digestion (% of N intake) is more diffi cult to explain but might have occurred because of changes in the effi ciency of ruminal or postruminal digestive effi ciency, or transfer of urea N to the hindgut (Thornton et al. 1970 ), resulting in changes in N excretion relative to intake.
In agreement with our results, others (Benson et al., 2006; Luebbe et al., 2008; Spiehs and Varel, 2009 ) have reported increased P excretion with increasing WDGS or DDGS concentrations in feedlot diets. This fi nding could be a concern if not managed correctly because of the risk of soil P saturation and surface water contamination (Hao et al., 2009 ). The increased P was primarily in feces, which agrees with the fi ndings of Gibb et al. (2008) . In addition, plasma P concentration (μg/g) increased linearly with increasing DDGS concentration. These data emphasize that P excretion increases when feeding high concentrations of DDGS. It is not clear why there was a tendency for an increase in P retention with increasing DDGS inclusion, as P supply exceeded estimated requirements (NRC, 1996) .
There is a lack of information on how increased P intake from DGS can infl uence Ca utilization and balance. Others have reported that the bioavailability and absorption of Ca were decreased by increasing dietary P and fi ber concentration (Groff et al., 1995) . Nonetheless, urinary Ca excretion increased and fecal Ca excretion decreased as DDGS increased in the diet, even though Ca intake did not differ among treatments. This fi nding might suggest that absorption by the gastrointestinal tract of Ca is greater in steers fed diets with increasing concentrations of DDGS.
Feeding high concentrations of DGS in feedlot diets might be of concern because of the potential for increase S intake and potential effects on excess ruminal H 2 S production and polioencephalomalacia (Spiehs and Varel, 2009 ), as well as a possible decrease in digestibility of other minerals, such as Cu (not measured in current experiment) and Se (Ivancic and Weiss, 2001; Spears, 2003) . Results of our study indicate that S concentrations likely were not high enough in the diets; or conversely, Se intakes were high enough to avoid any antagonistic effects of S on Se utilization. Interestingly, retention of S (g/d) linearly increased by increasing DDGS concentration, suggesting that S deposition might have increased; however, H 2 S emissions from animal or excreta were not measured. This may have partly contributed to the linear increase in estimated S retention as retention was calculated by difference (feed intake minus urinary and fecal excretion).
There is a lack of data relative to Mg, K, and Na excretion and retention with increasing distillers grains inclusion in feedlot diets. Total excretion of Mg and K increased as DDGS concentration increased; however, Na excretion did not change among treatments. There were no effects of dietary treatment on digestion and retention of Mg, K, and Na. These data might provide useful information about nutrient management of Mg, K, and Na when increasing DDGS concentrations are fed in feedlot diets.
Plasma P and S concentrations, and serum urea N concentrations increased linearly with increasing DDGS concentration, as a result of increasing dietary P, S, and N intake, which suggests these plasma and serum concentrations are likely a suitable indicator of increasing P, S, and N intake and excretion. On the other hand, plasma Ca, Na, and Se concentrations did not differ among treatments. Similarly, Khan et al. (1987) found that plasma Se concentrations did not change when calves were fed 0.2% or 0.75% S in the diet.
In conclusion, increasing DDGS concentrations up to 50% or the dietary DM in whole corn grain-based fi nishing diets decreased DM and starch digestibility (%). Conversely, increasing DDGS increased N, P, and S intake and excretion, which would increase mineral loads in manure and increase ammonia and H 2 S emissions from feedlots. Increasing DDGS concentration in- creased total excretion of Mg and K but did not infl uence Na excretion. Digestion and retention of Mg, K, and Na did not differ among treatments. In addition, increasing DDGS concentration increased concentrations of P, S, and urea N in blood, suggesting these measurements could be indicators of increased intake and excretion of P, S, and N in feedlot cattle fed high concentrations of DDGS. Our fi ndings might help facilitate nutrient management of these minerals. Moreover, environmental implications of manure should be considered when feedlot cattle are fed high concentrations of DDGS.
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